Some species of ciliates undergo massive DNA elimination and genome rearrangement to construct gene-sized ''chromosomes'' in their somatic nucleus. An example is the extensively scrambled DNA polymerase ␣ gene that is broken into 48 pieces and distributed over two unlinked loci in Stylonychia. To understand the emergence of this complex phenomenon during evolution, we examined DNA polymerase ␣ genes in several earlier diverging species, representing evolutionary intermediates. Mapping these data onto an evolutionary tree suggests that this gene became extensively fragmented and scrambled over evolutionary time through a series of steps, each leading to greater complexity. Our results also suggest a possible mechanism for intron loss by deletion of intron sequences as DNA during development of the somatic nucleus.
Some species of ciliates undergo massive DNA elimination and genome rearrangement to construct gene-sized ''chromosomes'' in their somatic nucleus. An example is the extensively scrambled DNA polymerase ␣ gene that is broken into 48 pieces and distributed over two unlinked loci in Stylonychia. To understand the emergence of this complex phenomenon during evolution, we examined DNA polymerase ␣ genes in several earlier diverging species, representing evolutionary intermediates. Mapping these data onto an evolutionary tree suggests that this gene became extensively fragmented and scrambled over evolutionary time through a series of steps, each leading to greater complexity. Our results also suggest a possible mechanism for intron loss by deletion of intron sequences as DNA during development of the somatic nucleus.
ciliate ͉ DNA polymerase ͉ hypotrich ͉ intron loss ͉ spirotrich C iliates comprise a diverse group of microbial eukaryotes, or protists. These organisms contain two types of nuclei: a somatic macronucleus that is active during vegetative growth and a germ-line micronucleus that is quiescent except during sexual recombination (1) . During sexual conjugation, the two mating cells exchange haploid micronuclei, after which the old macronucleus degrades, and the new diploid micronucleus develops into the new macronucleus. Extensive loss of DNA from the long micronuclear chromosomes, coupled to DNA rearrangement, removes transposons and most intergenic spacer DNA between genes, as well as intragenic spacer DNA, known as internal eliminated segments (IESs). In spirotrichous (formerly hypotrichous) ciliates, the remaining DNA sequences, known as macronuclear destined segments (MDSs), can occupy as little as 2-5% of the germ-line genome. These mostly coding regions assemble together to form Ϸ24,000 types of DNA molecules in the somatic nucleus. Because their average size is just 2.2 kbp and they usually contain only one gene, they are sometimes called ''nano-chromosomes.'' Short telomeres are added to both ends before these molecules are amplified several-thousand-fold (1) (2) (3) .
Furthermore, the germ-line order of the coding regions in 20-30% of the genes in stichotrichous ciliates (a subset of spirotrichous ciliates) are permuted, or scrambled, relative to their linear order in the macronucleus. Although the mechanism of reordering these segments is not well understood, short direct repeats, called pointers, may guide the unscrambling process (1, 4) . Invariably, one copy of a repeated word pair is present at the 3Ј end of germ-line segment n and at the 5Ј end of segment n ϩ 1, providing the information to link them together, with only one copy of the repeated word retained in the final DNA molecule (1) . Although fragmented genes do occur in other organisms [examples include V(D)J recombination in the vertebrate immune system and split ribosomal RNA genes in the mitochondria of fungi (5) and protists (6, 7)], rarely are they sewn back together at the DNA level.
Three different scrambled genes, actin I (8-10), ␣ telomerebinding protein (␣-TBP) (11, 12) , and DNA polymerase ␣ (pol ␣) (4, 13), have been studied in ciliates. The DNA pol ␣ gene is particularly beguiling for two reasons: it has the highest density of scrambled segments (by a factor of 3), and both PCR linkage analysis and population genetic evidence suggest that these segments are distributed over two unlinked loci in Stylonychia lemnae, representing the related ciliates known as oxytrichids (4, 14) .
One hypothesis repeated in the literature has been that scrambled genes arise in two main events, first by fragmentation of a gene into many pieces, followed by permuting the order of these segments, possibly by recombination between the noncoding DNA sequences (IESs) that separate them (15, 16) . To test this hypothesis, we set out to describe and compare the germ-line and somatic architectures of the DNA pol ␣ gene from several ciliates that diverged before the oxytrichids, by using this complex case as a model system to probe the evolutionary origin of a scrambled gene. We found that the evolutionary transition from nonscrambled to scrambled forms displays striking increases in complexity. Our results also suggest that extensive fragmentation of a gene is not a prerequisite for scrambling or permuting the order of its germ-line segments over evolutionary time. Another observation from our study is that introns may be lost by eliminating them as DNA instead of RNA, along with the deletion of other noncoding DNA segments that interrupt genes (IESs). This observation could help explain the reported relative paucity of introns in ciliates (1).
Materials and Methods
Ciliate Culture and DNA Extraction. Ciliates isolated from lakes and soils in the Princeton, NJ, area were characterized by morphology to the genus level. Holosticha sp. is morphologically similar to Holosticha kessleri (17) and Uroleptus sp. is similar to Uroleptus gallina. Species of interest were isolated and grown as described (17) . Macronuclei and micronuclei were separated before DNA extraction as described (17) . U. grandis DNA was a generous gift from David Prescott (University of Colorado, Boulder). This species is difficult to find, and RNA was unavailable.
rDNA Amplification and Phylogenetic Construction. Small subunit ribosomal DNA sequences were PCR amplified with universal primers (18) and deposited into the GenBank database (Holosticha sp., AY294647; Uroleptus sp., AY294646; Paraurostyla weissei, AY294648). The rDNA sequence from locally isolated P. weissei was 100% identical to a sequence in the database from the same species (AF164127), confirming its identification, whereas that of the other two species did not match any previously reported sequence.
To determine the phylogenetic relationships among these new isolates and other ciliates, we manually aligned these rDNA sequences with those from seven other spirotrichous ciliates and one heterotrichous ciliate, Nyctotherus ovalis, taking into account the secondary structure of the RNA in the rRNA database (19) . We used N. ovalis as an outgroup, because this anaerobic ciliate is paraphyletic to spirotrichs (20) . Phylogenetic analyses were con-ducted by using PAUP 4.0 (21) for optimality criteria maximum parsimony (MP) and minimum evolution (ME) and TREEPUZZLE 5.0 (22) for quartet-puzzling (QP) tree reconstruction. Of 1,607 sites compared, 120 were parsimony-informative. For QP tree reconstruction, we used MODELTEST 3.06 (23) in conjunction with PAUP and found TrNϩIϩGamma the best model to perform this test. The consensus MP tree is shown in Fig. 1 Left, and branch supports derived from the MP (10,000 bootstrap replicates), ME (10,000 bootstrap replicates), and QP (10,000 replicates) analyses are reported under branching nodes. rDNA sequences from the database are as follows: N. ovalis AJ222678, Euplotes aediculatus X03949, U. grandis AF164129, Uroleptus pisces AF164131, U. gallina AF164130, Sterkiella histriomuscorum (Oxytricha trifallax) AF164121, S. lemnae AF164124, Sterkiella nova (Oxytricha nova) X03948, and Stylonychia pustulata X03947.
Concatenated Protein Sequences and Phylogenetic Analyses. Alignments of eukaryotic release factor I, DNA pol ␣, ␣-TBP, and actin-I protein sequences were carried out by using CLUSTALX, Ver. 1.81 (24) , with default parameters, and individually refined by eye. The four protein sequences from seven species were concatenated for different phylogenetic analyses (Holosticha sp., U. grandis, Uroleptus sp., P. weissei, S. lemnae, S. nova, and S. histriomuscorum; 2,543-aa positions). Maximum parsimony analyses were carried out with the heuristic search method, using random stepwise additions of the sequences and 10,000 bootstrap replicates. Quartet-puzzling trees were calculated by using the BLOSUM 62-aa substitution model (25) and Gammadistributed rate variation model. The program MRBAYES 3.0 (26) was used to calculate the Bayesian inference of phylogeny. The JTTϩGamma model was used with 10,000 generations of from concatenated protein sequences of actin I, ␣-TBP, DNA pol ␣, and eukaryotic release factor I (eRFI). Branch supports shown for maximum parsimony͞ quartet-puzzling͞Bayesian analyses. In the center, comparison of germ-line DNA pol ␣ orthologs in U. grandis, Holosticha, Uroleptus, and P. weissei with S. lemnae, representing the Oxytrichidae (highlighted gray) as its sequence is the most complete; the germ-line maps for these three orthologs are very similar (4, 15, 28) . Large boxes are MDSs (to scale) numbered based on somatic order; horizontal lines are IESs (not to scale); and black vertical lines indicate pointers. Confirmed introns are magenta boxes; and the putative U. grandis intron is hatched. Small white boxes represent alignment gaps Ն40 bp, for example, the absence of, or length variation in, an intron or MDS (Fig. 4) . Green MDSs are upstream͞inverted relative to blue MDSs; red MDSs on an unlinked locus. Horizontal brackets highlight two regions of extensive scrambling. The yellow region in S. lemnae is a 199-bp overlap between major͞minor loci (4). Tables 1-4 provide MDS͞IES lengths and pointer sequences.
Markov chain Monte Carlo. GenBank accession nos. for eukaryotic release factor I sequences (27) DNA pol ␣ Genes. Partial macronuclear DNA pol ␣ genes were amplified with degenerate PCR primers (4, 28) . The 5Ј and 3Ј ends of the chromosomes were amplified by using telomere suppression PCR (17, 29) . At least three clones were sequenced to minimize PCR errors. More were sequenced to recover two alleles. See Fig. 4 , which is published as supporting information on the PNAS web site, for an annotated alignment based on predicted protein sequences and Fig. 5 , which is published as supporting information on the PNAS web site, for detail in one region.
Partial germ-line DNA pol ␣ sequences were initially determined by PCR from gel-purified micronuclear DNA using primers derived from the macronuclear sequence. After obtaining the first IES sequences, we designed and used IES-specific primers in conjunction with macronuclear-based primers to recover complete micronuclear DNA pol ␣ genes for each species (see Figs. 6-9, which are published as supporting information on the PNAS web site). Several long-range PCRs confirmed that MDSs and IESs were located on the same locus. Macro-and micronuclear DNA pol ␣ sequences were compared to determine boundaries and features of MDSs, IESs, and pointers (see Tables 1-4 , which are published as supporting information on the PNAS web site) with the aid of the WISCONSIN PACKAGE Ver. 10.1 (GCG) and GENE UNSCRAMBLER (30 RNA Isolation and RACE. Ciliates were fed green algae 1 day before harvesting RNA. Cells were filtered through a 10-m sieve (Sefar American, Depew, NY), and RNA was extracted by using TRIzol LS (Invitrogen). 5Ј-and 3Ј-RACE used the FirstChoice RLM-RACE kit (Ambion, Austin, TX).
Other Computational Analyses. To test the significance of overlapping pointer repeat locations in scrambled and nonscrambled DNA pol ␣ orthologs, we performed a computational simulation of pointer distribution, using conserved regions of the alignment. While maintaining pointer locations in U. grandis or Holosticha as the reference sequence, we randomly assigned the locations of pointer repeats in Uroleptus (34 pointers) or P. weissei (44 pointers) and then scored the numbers of pointer nucleotides that overlapped between these species. This process was repeated 1,000 times to generate random background distribution.
Based on this distribution, we determined the statistical significance of the number of overlapping pointer nucleotides in the actual data set relative to the background distribution. We also ran the same test on U. grandis (39 pointers sampled) against Holosticha as the reference.
We determined the expected occurrence (upper limit) of a particular repeated word in an IES in P. weissei, given its presence in the counterpart MDS flanked by the same pair of pointers. Let lengths of the IES and repeated word be N and M, respectively. Expected occurrence ϭ base frequencies of the word ϫ (N Ϫ M ϩ 1). We used the base composition of the micronuclear DNA pol ␣ gene of P. weissei to represent frequencies of each of the four nucleotides (A ϭ 0.372, T ϭ 0.358, G ϭ 0.138, and C ϭ 0.132).
Results and Discussion
Phylogenetic Relationships of Spirotrichs. To study the natural history of an extremely scrambled gene and to understand the emergence of scrambling as a complex feature in genomes, we sequenced the germ-line, somatic, and RNA versions of the DNA pol ␣ genes from three early diverging ciliates, Holosticha sp., Uroleptus sp., and P. weissei. We also sequenced germ-line and somatic versions of this gene from Urostyla grandis, the earliest known ciliate among the stichotrichs (28) . To allow mapping of germ-line events onto an evolutionary timescale, we inferred the relationships among these four species and other ciliates from their small subunit ribosomal RNA sequences (Fig.  1, left) (31) and also from four concatenated protein sequences: actin I, ␣-TBP, DNA pol ␣, and eukaryotic release factor I (eRFI) (Fig. 1, right) . Both trees share similar topology; moreover, unresolved groups in the rDNA tree were fully resolved in the concatenated protein tree with strong statistical support. Based on these two trees, particularly the concatenated protein tree (Fig. 1) , E. aediculatus represents the earliest diverging spirotrichous ciliate, followed by U. grandis, Holosticha sp., Uroleptus sp., P. weissei, and finally a major group including the oxytrichids with extensively scrambled genes (4, 9-11, 13, 32) (Fig. 1) .
Character Mapping of Germ-Line DNA Rearrangements. A comparison of the germ-line and somatic DNA pol ␣ sequences revealed that the germ-line architectures in the earliest diverging species, U. grandis and Holosticha sp., are not scrambled but vary greatly in level of fragmentation. The U. grandis gene contains 40 or 41 segments in each of two alleles (Figs. 1 and 4) . However, the orthologous gene in Holosticha is fragmented into only nine segments (Fig. 1) , suggesting either massive accumulation of noncoding DNA sequences (IESs) that interrupt the gene in U. grandis and͞or massive loss of such noncoding segments from Holosticha after these two species diverged. The shorter rootto-tip length of the Holosticha lineage in the tree based on concatenated proteins (Fig. 1, right) (4, (13) (14) (15) , with one additional segment missing in both S. lemnae and S. histriomuscorum (4, 15) , the four new species in this study contain all their coding segments on one locus with no missing sequence, consistent with their evolutionary positions as intermediates.
Furthermore, the breakpoint distance, a measure of the number of steps required to rearrange scrambled segments, originally used to infer evolutionary history from genome rear-rangement events (33, 34) , corresponds precisely here to the minimum number of pointer repeats (see below) between scrambled segments in a micronuclear͞macronuclear gene pair. If we use breakpoint distance to rank the complexity of DNA pol ␣ germ-line architectures, the nonscrambled Holosticha and Urostyla orthologs have a score of zero, because they require no permutation. Uroleptus ' score is 32, P. weissei is 40, and S. lemnae and the other oxytrichids are 45 and higher. These numbers highlight the expansion of complexity during the evolution of scrambled genes in Fig. 1 .
Evolution of Pointer Locations. The germ-line architecture of the DNA pol ␣ genes in Uroleptus sp., P. weissei, S. lemnae, S. nova, and S. histriomuscorum is largely conserved (Figs. 1 and 4) , suggesting that this nonrandomly scrambled order with an inversion arose in a common ancestor. Despite apparent conservation (defined as overlap by at least one nucleotide) of a small number of pointer repeats and despite similar levels of fragmentation in some species pairs, we found no significant overlap of pointers between U. grandis and Holosticha (P ϭ 1) or between either of these genes and their scrambled orthologs (see Materials and Methods). This suggests either that the pointer distributions evolved independently in these lineages, or that they rapidly shifted after divergence from a common ancestor. For example, the overlap in pointer distributions between either U. grandis and Uroleptus or Holosticha and P. weissei was not significantly different from a simulated dataset of randomly reassigned pointer locations (P ϭ 0.58 and 0.12, respectively), whereas the same test performed between two scrambled orthologs, P. weissei and Uroleptus, was highly significant (P Ͻ 0.001). Furthermore, two regions containing large nonscrambled sections in the most scrambled orthologs, S. lemnae (segments 1, 2, and 29, 30) (4), S. nova, and S. histriomuscorum (13, 15) , are heavily fragmented into 13 and 10 segments in U. grandis. There are a few notable exceptions. For example, both of segment 21's pointers in U. grandis occur at similar locations among the five scrambled genes (positions 2401 and 2560 in Fig. 4) , suggesting that these boundaries could be ancient. This region may have been delineated in a nonscrambled ancestor and then translocated upstream of the original 5Ј end of the gene; however, the absence of these boundaries from Holosticha suggests that the matches between U. grandis and its scrambled relatives could be due to chance, unless both IESs flanking segment 21 in U. grandis were lost from the Holosticha lineage. In addition, the left boundaries of both extensively scrambled regions in all scrambled genes (horizontal brackets in Fig. 1 ) overlap the locations of pointer repeats between segments 13-14 and 30-31 in U. grandis (positions 1380 and 3454 in Fig. 4 ). This suggests that these boundaries may be ancient, which could point to some of the early germ-line recombination events that scrambled this gene. Given the large number of pointer repeats, however, a few at coincident locations between nonscrambled and scrambled genes may be due to chance, consistent with their absence from Holosticha. Holosticha shares just one conserved boundary (between segments 4 and 5; position 1501 in Fig. 3 ) with a scrambled pointer in four orthologs.
Scrambled Gene Origins. Several models have been put forth to explain the origins of scrambled genes, particularly the emergence of the strikingly nonrandom segregation of odd-and even-numbered segments (4, 12, 15) . Prescott et al. (12) suggest that extensive recombination between AT-rich DNA and an ancestral ␣-TBP gene led to the nonrandom distribution of segments in this gene. Hoffman and Prescott (15) proposed a general model for the evolution of scrambling, in which two noncoding segments (IESs) invade a coding region (MDS) and then subsequently recombine with another IES to permute the order of the new segments, creating three scrambled MDSs ( Fig.   2A) . However, this model predicts an evolutionary intermediate containing a nonscrambled segment in a scrambled region (MDS 2b in Fig. 2 A) , which we did not observe. Rather, whole regions of the gene are either scrambled or nonscrambled (Fig. 1) . We therefore consider an alternative model in which homologous or nonhomologous germ-line recombination occurs between coding and noncoding regions, MDSs and IESs, homologous at chance matches between juxtaposed sequences flanked by the same pair of pointers (Fig. 2B) to generate odd͞even split architectures. For example, P. weissei has an 11-bp sequence (TAGATCATTAT) present in both segment 29 and the IES between segments 28 and 30, and a 13-bp duplicate sequence (AAACAGCATGTAT) in both segment 30 and the counterpart IES between segments 29-31, in addition to numerous small repeats. These short repeats might be an early stage in the formation of a new coding segment via the process we propose in Fig. 2B , or they could just be chance occurrences of a repeated word (expected occurrence Ͻ10 Ϫ4 and Ͻ10 Ϫ6 , respectively, for the 11-and 13-bp words; see Materials and Methods), but they are a representative length for scrambled pointers. Such a mechanism for acquiring newly scrambled regions differs from the acquisition of more broken but nonscrambled regions, which presumably involves invasion of noncoding DNA in the germline (35) .
Because the germ-line DNA pol ␣ gene in U. grandis shares a similar degree of fragmentation with its scrambled homologs in other ciliates, it is also possible that intense fragmentation of the gene preceded scrambling. However, an unlikely series of events would have had to cluster most odd-and even-numbered segments on either side of an inversion, and͞or some selective pressure must have driven the introduction of such a peculiar pattern, as observed in modern scrambled DNA pol ␣ genes.
In summary, we prefer the model (4) that step-wise recombination between AT-rich sequences and the ancestral DNA pol ␣ gene created the complex odd͞even segregated pattern, because of the model's simplicity and parsimony. In this model, the predicted lightly fragmented ancestral state of the gene is similar to the pattern observed in Holosticha. Combined with the lack of a significant correlation between the pointer distributions in U. grandis and its scrambled relatives, we favor the view that extensive fragmentation arose independently in U. grandis and was probably not a first step toward scrambling, which differs from other published views (16) .
Fission and Fusion of Coding Segments.
Although the positions of most coding segments are conserved in the five scrambled genes, some fission and fusion of coding segments have occurred; thus, tracing the changes in scrambled regions then becomes an additional tool to infer evolutionary events in this lineage. Linkages of coding segments, similar to the use of fused genes (36) or gene order (33, 34) , may serve as an independent marker to trace the evolutionary history of species harboring complex scrambled genes. A parsimony tree based on changes in the scrambling pattern (not shown) generally agrees with the topology of the concatenated protein tree; however, it includes fewer taxa.
New appearances of noncoding DNA segments (IESs) were common in this study, but we also infer the possible loss of an IES and fusion of three coding segments (Figs. 1, 4 , and 5), an unprecedented phenomenon: the region homologous to segment 10 in S. nova is split into three scrambled segments in P. weissei (segments 11-12-13), S. lemnae (segments 11-12-13), and S. histriomuscorum (Figs. 1, 4 , and 5) (15) . This region could simply be incongruous on the tree, perhaps derived from paralogous coding regions, or segment 10 in S. nova may be a fusion of three segments produced by germ-line recombination. Alternatively, this split region could have arisen independently in P. weissei and in S. histriomuscorum and S. lemnae. The latter two species share closely overlapping pointers in this region (Fig. 5) , indicating a recent common ancestor, but differences from P. weissei could be due to pointer sliding along the DNA sequence (35) .
The dynamics of germ-line recombination (during meiosis or mitosis of the micronucleus) that create new scrambled segments (fission) or join segments (fusion) are unknown. Although homologous recombination at pointers can both eliminate IESs and erase segment boundaries, we expect that such precise fusions in the germ line are rare, in part because the scanRNA mechanism (see below), thought to provide some of the specificity for IES elimination, should target the developing macronucleus but not the germ line. Furthermore, that most scrambled segments are conserved (Fig. 1) indicates that fusion, which would erase conserved boundaries, might occur less often between scrambled segments than fission. IES locations in the nonscrambled genes in this study are not conserved, but genealogies of these IESs are obscured by rapid sequence divergence. Therefore, gain or loss of IESs, i.e., fission or fusion of MDSs in nonscrambled regions, remains open.
A Streamlined Scrambled Gene. Also surprising, P. weissei contains a modestly more streamlined germ-line gene, with several tiny IESs between scrambled segments, including two ''0-bp IESs'' flanked by conventional 8-to 9-bp pointer repeats (Table 4) . Only one copy of these repeats and no other DNA sequence is eliminated.
Direct Repeats Flanking Introns. We detected a 192-͞162-bp insert containing in-frame stop codons at the 3Ј end of the DNA pol ␣ gene in both alleles of U. grandis. This region is flanked by the ciliate intron consensus GTaag . . . tAG (37) , and it has a 1:3 ratio of silent͞replacement nucleotide substitutions between the two alleles, compared with a ratio of 17:1 in the rest of the gene. Together, these data suggest that this region is an intron (Figs.  3A and 4) . Curiously, however, this region is also flanked by a pair of octamer direct repeats, GCTTATTA, suggesting the possibility of either a mechanism for removal similar to IES elimination, the ability to remove this sequence as an IES, which was undetected, an evolutionary stage toward becoming an IES, or, alternatively, a recent history of this region as an IES. Like intron splicing, IES excision at the octamer repeat would restore the reading frame (Figs. 3A and 4) ; thus, we propose there may be selection to turn wayward IESs into introns if they fail to be eliminated as DNA sequences during macronuclear development. This provides a second opportunity to remove the intervening sequence when there is inefficient IES removal. By therefore relieving the constraint on efficient DNA excision, a sequence may eventually become fixed as an intron.
Intron-IES Conversion Model. Like IESs, introns are noncoding AT-rich sequences interrupting both protein-coding and non- is shown in lowercase. Direct repeats flanking introns are highlighted, and pointer sequences are underlined. The product after hypothetical IES splicing in U. grandis is six nucleotides longer than the product after putative intron removal; thus, the reading frame would be preserved. The phylogeny on the left is from Fig. 1. (B) Sequence surrounding the first 5Ј intron in three species. Products after intron removal in these three cases would be identical to products after hypothetical IES splicing.
coding DNA. Whereas IESs are removed during macronuclear development, introns are maintained in the DNA and spliced as RNA. In 50% (6 of 12) of the confirmed introns we characterized in DNA pol ␣ orthologs, direct repeats surround the introns (Figs. 3B and 4) , resembling pointers flanking IESs. Surprisingly, in all cases but one, removal of the region as an IES instead of as an intron, with one copy of the repeat retained, would still preserve the reading frame (Figs. 3B and 4) . Furthermore, the position of the IES between segments 44 and 45 in P. weissei overlaps the 3Ј intron in Uroleptus (Figs. 1, 3A, and 4) . This intron is also present in the human homolog (GenBank accession no. NC000023) and most likely in U. grandis (Figs. 1, 3A, and 4) . These observations suggest that this intron is ancient. That P. weissei lacks this intron but has an IES at the same location leads us to conjecture it may have become an IES in this species instead. In support of our hypothesis, the recent discovery of scanRNAs in Tetrahymena (38) and Paramecium (39) suggests a mechanism for evolutionary loss of introns. In the scanRNA model, double-stranded RNA corresponding to micronuclearlimited sequence is processed by dicer-like proteins into small RNAs, which in their single-stranded form resemble processed intron fragments. The small RNAs most likely bind to homologous sequence and, through a series of steps (39) (40) (41) , lead to elimination of those DNA sequences during development. Once a DNA sequence for an intron is deleted, its absence from the macronucleus predicts that it will also be deleted as an IES at the next round of conjugation, leading to stable conversion to IES. One possible evolutionary advantage of converting an intron into an IES is that the eliminated sequence no longer needs to be copied in the multiploid macronuclear genome. The extreme fragmentation that typifies the species in this study may reflect strong selection to eliminate most noncoding DNA from the somatic nucleus. Our new hypothesis that introns may be converted to IESs during evolution by this model of epigenetic inheritance could help explain the reported relative paucity of introns in ciliate genes (1) .
Conclusion
This study found several different architectures of the DNA pol ␣ gene over a broad range of species, including fragmented ancestral states as well as moderate and more complex evolutionary intermediates, suggesting a path of descent with modification in the history of germ-line rearrangements. We were fortunate to observe these incremental transitions, because the extinction of intermediate forms is a common obstacle to evolutionary studies.
Previous studies of the considerably less-scrambled actin I gene are consistent with an origin of scrambled genes after the divergence of Uroleptus (8) and the oxytrichids from the lineage leading to Urostyla (10) . Unlike the DNA pol ␣ gene, none of the early-diverging actin I genes is extensively fragmented. For example, the U. grandis actin I gene possesses only three nonscrambled segments (10) , and there are no scrambled intermediate species included in ref. 10 . Therefore, we infer that the DNA pol ␣ gene in U. grandis probably accumulated many new noncoding segments after it diverged, and the less-fragmented gene in Holosticha might resemble the nonscrambled ancestral state of this gene.
Although occasional alternative unscrambling (14) , like alternative splicing, might confer a selective advantage to organisms that harbor this phenomenon, the acrobatic manipulations of the germ-line genomes in stichotrichous ciliates still leave many questions unanswered, particularly regarding the mechanism for rearrangement, whether it involves genome surveillance as in Tetrahymena (38, 41) , the level of accuracy and robustness, and genome stability in the face of massive rearrangements. With the O. trifallax (S. histriomuscorum) genome sequencing project launched (2), we hope that many of the components involved in unscrambling will be unveiled in the next decade.
